Abstract: This work compares the spectral analysis of ocean wave fields performed from nautical radar and waverider buoy measurements. The data were taken by a radar station located in the northern coast of Spain and by a buoy that was moored close to the area covered by the radar for its calibration. In this area the sea states are mainly dominated by the presence of northwest swells coming from storms originating in the North Atlantic Ocean. In this order, the radar calibration and the comparisons of different spectral parameters and scalar spectra from both sensors are presented.
Introduction
Typical nautical radars that operate in the X-band are being used to monitor sea states, providing interesting alternatives to the traditional waverider buoys ͑Heathershaw et al. 1980͒ . The X-band radars operate by transmitting an electromagnetic field that interacts with the roughness of the sea surface and receiving the backscatter of this field, called the sea clutter signal. The modulation of the backscatter pattern with the waves allows for the possibility that the analysis of the radar sea clutter signal can be used to describe the ocean wave fields, in particular in terms of its directional spectrum.
The principles of obtaining the 3D spectrum of the radar image were laid down some time ago ͑Young et al. 1985͒ but only more recently have some important problems been satisfactorily solved. One important aspect is the removal of the directional ambiguity that is present in the satellite radar data. This can be removed from the nautical radar data, as a time series of images obtained in successive rotations of the antenna provide information about the required direction of propagation of the wave systems ͑Atanassov et al. 1985͒ . This has allowed spectra in frequency and wave number vector to be estimated from radar data ͑Ziemer 1991; Seeman et al. 1997; Senet et al. 1997͒. Another contribution is the method to calibrate nautical radar extracting the information about the significant wave height from the signal-to-noise ratio of the images ͑Nieto Borge 1998͒. With this contribution it became more appropriate to develop a system that acquires and processes the radar image and displays the wave spectra in an automated way ͑Nieto Borge et al. 1999͒ .
Comparisons have been reported of pitch-roll buoy data with nautical radars installed in ships ͑Alfonso et al. 1997͒ and with radars in a floating production and offloading platform ͑FPSO͒ ͑Nieto Borge et al. 2000͒ .
Some comparisons have been made of the results of this system with scalar wave data ͑Nieto Borge and Guedes Soares 2000͒ and also with directional waverider data ͑Nieto Borge et al. 1995͒. However, the comparison has been made basically at the level of spectral parameters such as significant wave height and peak period, although some examples of the directional spectrum were also provided.
The present work aims at extending those comparisons by looking more systematically at a comparison of the spectral analysis of ocean wave fields by a nautical radar installed on a coastal station in North of Spain and a scalar waverider buoy located close to the area covered by the radar.
Spectral Analysis of Nautical Radar Image Time Series
To analyze wave fields with X-band radar, it is necessary to start by choosing a rectangular subarea from the full polar radar image. The time series of images from this rectangular area are used to analyze the ocean wave fields. A nautical radar time series consists of N t consecutive images composed of N x ϫ N y pixels, as is shown in Fig. 1 . The image time series is considered as a stochastic process depending on space and time
The temporal resolution, ⌬t, is the antenna revolution period, and the spatial resolutions, ⌬x and ⌬y, are related to the antenna length and the radar pulse length. ͑3͒ ͑k x , k y , ͒, is given by the output of this inverse method. Other, more condensed representations can be obtained by integrations and by transformations of coordinates, assuming the linear gravity wave dispersion relation ͑Fig. 2͒.
The spectral density, obtained after the inversion method described, has values that are related to the scale of sampled grey levels of the radar image time series, containing only relative information about the energy distribution of the wave field. Hence these nonscaled spectra cannot provide the variance of the sea surface elevation, ͑r ជ , t͒, or the related parameters such as the spectral zero-order moment, m 0 , or the significant wave height, H s . Therefore, to obtain the real spectral values corresponding to the sea state, each nautical radar station needs to go through a calibration process.
The calibration is based on a method developed for the synthetic aperture radar ͑Alpers and Haselmann 1982͒, which is based on the assumption that the square-root of measured signalto-noise ratio, SNR, is linearly related to H s :
where A and B = empirical constants that have to be determined for each radar. The success of this method for deep-water applications has been shown by various authors ͑e.g., Nieto et al. 1999͒.
Analysis of Data from Cabo de Peñas
The data set analyzed here was collected so as to allow the calibration of a X-band radar located on the northern coast of Spain ͑Cabo de Peñas͒. In this area the sea states are dominated by the presence of northwest swells coming from storms originating in the North Atlantic Ocean.
This field experiment was conducted in the calibration period of the radar station, from 28th of February to 23rd of April 2000. The data consisted of a set of 312 simultaneous records from the radar and a scalar waverider buoy that was moored close to the area covered by the radar, shown in Fig. 3 .
During this period, series of temporal sequences of 32 consecutive radar images were taken each hour with a time interval of 2.5 s between adjacent series. The image time series were recorded with an antenna revolution time of 1.84 s during a time period of 59 s. The image area was of 128ϫ 256 pixels in north and east directions, respectively, with an image resolution of 9.091 m per pixel in both directions.
The scalar buoy used was a traditional waverider model using an accelerometer. The acceleration signal is integrated twice, and in this way time series of sea surface elevation are generated and registered. These series of 2,048 elevations were recorded each hour during a period of 17 min with a sampling time of 0.5 s.
Calibration
The radar was calibrated based on the set of 312 simultaneous observations from radar and buoy. The linear regression of the . ͑a͒ Scalar spectrum estimated from buoy data ͑dashed line͒ and radar data ͑continuous line͒; and ͑b͒ directional spectrum estimated from radar data Fig. 12 . ͑a͒ Scalar spectrum estimated from buoy data ͑dashed line͒ and radar data ͑continuous line͒; and ͑b͒ directional spectrum estimated from radar data Fig. 13 . ͑a͒ Scalar spectrum estimated from buoy data ͑dashed line͒ and radar data ͑continuous line͒; and ͑b͒ directional spectrum estimated from radar data calibration is represented in Fig. 4 . Estimates of the parameters A and B were obtained from the regression of the square-root of signal-to-noise ratio ͱ SNR from the radar, versus the significant wave height H s obtained from the spectral analysis of the buoy series.
Parameters of Sea State
In order to compare the spectral analysis by two sensors so different as scalar buoy and nautical radar, it is necessary to estimate sea-state parameters and their statistics ͑Krogstad et al. 1999͒. Different wave parameters were calculated from the frequency spectrum S͑f͒, using in the estimates of buoy spectral moments the cut-off frequency equal to the Nyquist frequency of radar spectra. Figs. 5-7 show the two time series of significant wave height H s , peak frequency f p , and mean period T , respectively, estimated from buoy and radar data analysis. The significant wave height, which has values between 1 and 4 m has a difference between the two series that is usually in the range of ͓−0.5, 0.5͔ m. The peak frequency ͑estimated by Delft's method͒ was very similar in both time series, with the difference being close to zero. The mean period ͑estimated using the second spectral moment͒ has values of about 8 s from measurements of both devices, and the differences were between ͓−2,2͔ s. In general, the variations of wave parameters with increases and decreases exhibit similar evolution in both time series.
The time series of the spectral parameters from radar measurements presented an evolution smoother than those from buoy like in other comparisons published before ͑Alfonso et al. Nieto Borge et al. 1999͒ . This is due to the calculation of the spectrum with the radar integrates both time and spatial information, while in the case of a scalar buoy only temporal information obtained at a fixed point is considered. So, mean values in space and time ͑radar estimations͒ are compared with mean values in time ͑buoy estimations͒.
To make a quantitative comparison between the wave parameters estimated from buoy and radar data, mean and standard deviation of differences and ratios were estimated ͑Table 1͒. It can be seen that the differences of H s , f p , and T from both devices are between ±0.81 m, ±0.04 Hz, and ±1.36 s, respectively, for a confidence of 95%. The significant wave height and the peak frequency are similar in average, their differences tending to 0 and their ratios to 1.
The values of mean period are similar from buoy and radar spectra except in the range ͓38,130͔ of data points where the values estimated from the buoy are lower than those derived from the radar. This range corresponds to a time in which bimodal wave fields were presented and their spectra from buoy data presented more energy in higher frequencies ͑see Figs. 11 and 12͒. Because of the dependence of this parameter with the second order spectral moment, that difference of energy produces an underestimation of the mean period compared with the buoy data. Fig. 8 is the scatter plots for pairs of H s , f p , and T from buoy and radar data. The regression coefficients of the parameters are similar, r Ϸ 0.8, but the scatter plots have different forms for each parameter. The significant wave height plots show a symmetric distribution around the line of 45°. The peak frequency plot distribution is quasi-linear less for a few plots in peak frequencies bigger than 0.13 Hz, in which peak frequency values from radar were lower than from buoy. The mean period plot distribution is not symmetric, because the mean period from radar had values higher than from buoy for mean periods bigger than 8 s. This behavior was also present in other comparisons of these sensors ͑Wolf and Bell 2001͒. The different estimations of f p and T between radar and buoy data happened in the mentioned bimodal wave field time period.
Wave Spectrum
Each series of radar images was analyzed using the WaMoS II system to estimate the spectral densities with four degrees of freedom. The average of spectra from 12 image series recorded each hour was performed smoothing the spectra 48 degrees of freedom. Fig. 9 shows an example of frequency spectra of each series and the smoothed spectrum with its confidence intervals.
The spectral analysis of the time series of surface elevation from buoy data was performed using Daniell's method ͑Ro-dríguez 1993͒. The analysis consists of application of a 1D discrete Fourier transform ͑FFT͒ algorithm to the time series of surface elevation, obtaining the discrete estimation of the frequency spectrum, S͑f͒, which is smoothed by averaging 2m + 1 spectrum consecutive estimations from the raw spectrum. This method was used with m = 6 to obtain frequency spectra with 26 degrees of freedom ͑see an example of raw and smoothed spectrum in Fig. 10͒ .
During the period of radar calibration, several cases of swell coming from northwest were measured, an example of which can be seen in Fig. 11 . This is the typical sea state situation in the Two kinds of bimodal sea states were observed from both devices, composed of a swell coming from northwest and a wind sea coming from northeast. The first type occurred during the 15th and 16th of March and was swell dominated, like the one in Fig. 12 , and the second occurred during the 18th and 19th of March, being wind sea dominated, like the one in Fig. 13 .
In 81% of the cases the swell coming from northwest was measured, but only in 53% of the cases was it without significant wind sea presence. In the remaining 28% of the cases, the swell and the wind sea were simultaneously measured, with 17% swelldominated and 11% wind-sea-dominated conditions.
The form of frequency spectra estimated from both devices was very similar, being smoother from radar than buoy data. The different form is due to the frequency spectrum being estimated from the radar image by the integration in wave number. Because of this, the estimation that is obtained for S͑f͒ from the radar data contains both temporal and spatial information of the wave field, while for the case of buoy only the temporal information at a given point is taken into account.
The peak frequency was very close in both spectra. The few cases in which radar and buoy spectra presented different peak frequency were some cases of bimodal spectra with dominant wind sea, in which the radar did not measure the wind sea or it was not dominant. This is because frequency resolution and Nyquist frequency of the radar spectra are lower than the buoy's.
While Fig. 11 shows an example of good comparison between the wave spectra from radar and buoy, there were cases of notso-good agreement, as shown in Fig. 14 . In some cases the radar spectra had more energy, and in others the opposite occurred. This can be expected by observing the spread of the data about the calibration line shown in Fig. 4 . The radar spectra, which had more energy than the buoy spectra, correspond to the points situated below the calibration line in Fig. 4 , and vice versa.
The spectral maximum was greater in 61% of the cases for the buoy data, in 25% of the cases for the radar data, and in 14% there was similarity for both data. The difference of spectral maximum is less significant when it is greater for the radar data. This can be seen in Fig. 14 , where typical examples of greater spectral maximum from buoy, ͑a͒, and from radar data, ͑b͒, are shown. This variability is also because of the different frequency resolutions of the sensor and of the spatial information contained in the radar spectra.
However, despite these differences in the shape of the spectra, the spectral parameters are on the average not biased, as can be seen in Table 1 .
Conclusions
In this work, a comparison has been made of wave spectra obtained from nautical radar images and from a scalar buoy. The radar data was gathered at a coastal station located in the northern coast of Spain, and the scalar data was measured by a buoy moored close to the sea surface area scanned by radar.
The comparison of the time series of significant wave height and peak frequency obtained from both devices showed that the estimates are very similar. The mean period exhibits a similar evolution in the two series from both sensors, but in some cases the parameter estimated from the buoy was slightly lower than the one from the radar. This happened in cases where the buoy spectra presented more energy than those from radar in high frequencies.
From comparisons of frequency spectra, in general, it can be concluded that the radar and buoy spectra show similar form with the frequency peaks positioned very close to each other. The spectra shape from radar data is smoother because the frequency resolution is less than that of the buoy and the spectrum contains spatial information of the wave field, being radar spectrum equivalents to that of a scalar buoy smoothed with more degrees of freedom. However, the two peaked sea states in high frequencies are more pronounced in the buoy spectra due to the better resolution in frequency and the bigger cut-off frequency of this device. This cut-off frequency is related to the number of radar images used in the analysis and can be extended by including more images.
